12 United States Patent
Zhang et al.

USO011532854B2

S 11.532.854 B2
*Dec. 20, 2022

(10) Patent No.:
45) Date of Patent:

(54) BATTERY SEPARATOR INCLUDING
MICROPOROUS POLYOLEFIN MEMBRANE
WITH CERAMIC COATING

(71)
(72)

Applicant: Celgard LLC, Charlotte, NC (US)

nventors: Zhengming Zhang, Rock Hill, SC
(US); Xuefa Li, Matthews, NC (US);

Lie Shi, Matthews, NC (US);
Premanand Ramadass, Charlotte, N
S); Paul M. Halmo, Denver, NC
S); Xiaomin Zhang, Charlotte, N
S)

R

R

(73)

(%)

Assignee: Celgard, LLC, Charlotte, NC (US)

Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by 265 days.

This patent 1s subject to a terminal dis-
claimer.

(21)
(22) Filed:

Appl. No.: 16/785,726

Feb. 10, 2020

Prior Publication Data

US 2020/0176744 Al Jun. 4, 2020

(65)

Related U.S. Application Data

No. 13/960,924, filed on Aug.
10,559,302.

No. 61/680,550, filed on Aug.

(62) Daivision of application

, 2013, now Pat. No.

(60) Provisional application
7, 2012.

(51) Int. CL
HOIM 50/449
HOIM 10/052
HOIM 50/403
HOIM 50/411
HOIM 50/431

(2021
(2010
(2021
(2021
(2021

e J e [ e [ e J e
NN N NN

|
L)
"
)
u
M)
-

b %
LY
)
w
M)
-

b %
"
)

",
)
EY

L
L )

R NN RN N
LN N N )
LN NN )
N M)
LN )
L)
N M)
LN )
L)

ERC NN NN

L
-
-
¥ &
o
L )

-

L )
]

LN NN )

L
o
¥
-
-
-

»
»
»
»
»
»

LN )
L]
L
L]

-
-

»

PR
B A A A A A
i

o)

o)

o)

ki

]
]
-

L) »
u,

)
)

T
R RN
RN
ki

b

Ceramic coat]

o NPT RRp R, s

W owwwww w ww
B
»
»
B
»
»
B

»

|
L)
"
)
u
b, &
-
L)

L

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

»

-

-
]
]
-

»

L
-
-
-

u,
k%
LY
k%
u
k%
LY
)
",
)
.,
)
m,

-
]
]
-

L
-
-

»

-

-
]
]
-

-
L
L

AN N N NN NN N )
L)

AN NN NN NN N )
L i

A0 NN N N NN N )
AN N N NN NN N
L i

A0 NN N N NN N )
AN N N NN NN N

L ir
L ir

&
NN
L
L
EY
LN
L
EY

EY
L
L
EY
L
L
EY
L
L
L

L

LN NN

P b

A0 NN N N NN N )
AN N N NN NN N

L ir

»
»
»
»
»

»
»

»
»
»
»
»
»
»
»
»
»

)

ki

FY
L
L
FY
L
L
FY
L
L
L

(52) U.S. CL
CPC ....... HOIM 50/449 (2021.01); HOIM 10/052
(2013.01); HOIM 50/403 (2021.01); HOIM
50/411 (2021.01); HOIM 50/431 (2021.01)

(38) Field of Classification Search

civereeenee.. HOIM 50/449; HOIM 50/403; HOIM
50/431; HOIM 50/411
SPC e, 4297144, 251, 254

ce application file for complete search history.

i |

(56) References Cited

U.S. PATENT DOCUM

ENTTS

0,432,586 Bl
2008/0138700 Al

2009/0092900 Al

8/2002 Zhang
6/2008 Horpel et al.
4/2009 Obana et al.

(Continued)

FOR.

L1

IGN PATENT DOCUM.

NS

* 10/2010
10/2010

(Continued)

2010240936
2010240936

OTHER PUBLICATTONS

Arora, Pankaj, and Zhengming Zhang, “Battery Separators.” Chemi-

cal Review 104.10 (2004); pp. 4419-4472. (Year: 2004).

Primary Examiner — Sean P Cullen

(74) Attorney, Agent, or Firm — Hammer & Associates,
P.C.

(57) ABSTRACT

A ceramic-coated battery separator having a microporous
polyolefin membrane and a ceramic coating on at least one
surface ol the microporous polyolefin membrane, wherein
the ceramic-coated separator exhibits a strain shrinkage of
0% at temperatures greater than or equal to 120 degrees
Celsius 1s provided.

12 Claims, 4 Drawing Sheets

L

E)

LI L NE N N NE N

ENE N OE NE N NE NE NN

»

»

»

»

»

i b b
RN N )
b

A0 NN N N NN N )
AN N N NN NN N

L ir

»

»

»

»
»

»
»
»
»
»
»
»
»
»
»

L

L)
LN
»
FY
L
L
FY
L
L
FY

i

FY
L
L
FY
L
L
FY
L
L
L

LN N N N

]

ENE N OE NE N NE NE NN

o
LN

»

»

»

»

»

L

L)

R N N )
NN
ki

AN N N NN NN N )
AN NN NN NN N )

L ir

»

»

»
»
»
»

»
»
»
»
»
»
»
»
»
»

L N )

L
L]

FY
L
L
FY
L
L
FY
L
L
L

L

L)
M)
L)

o

L -

ENE N OE NE N NE NE NN

»
L)
ERN )
FY
L)
L)
FY

»

»

»

»

»

R N N N N N N N N N NN
L)
NN )
L)
EM)
L)
M)
FY
L)
L)
FY

L)
]
L)
L)
]
L]
4
]
L]
L)
L)
L]
L)
]
L]
L)
]
L]
L)
]
L]
L)
]
L]
L)
]
L]
L)
]
L]
L)
]
L]
L)
]
L]
L)
]
L]
L)
]
L]
L)
]
L]
L)
]
L]
L)
]
L]
L)
]
]

N )
R N N R N e N R N NN N R R R N R N R N R N N RN N R R NN M N R M
L N R N N R R N N R R R N N N R N R N N R M
N N N N N N N N N N N N N N NN NN )
R R N N N R N N R R N N N RN N R N R R R R N R N N R N N R R A )
R N N N R N N N N R RN N RN NN NN N )
N N N N N N N N N N N N N N NN NN )
R R N N N R N N R R N N N RN N R N R R R R N R N N R N N R R A )
R N N N R N N N N R RN N RN NN NN N )
N N N N N N N N N N N N N N NN NN )

N I N N R R R N N R N R )

N N N N R N R R R R R N N R N R N N R N NN NN R N R N R N N MR NE N R RN N M N R M
N N N R N N N N N R N N N R N R NN N N NN N N R R N N R M
4-4-44-4-44-4-444-444-444-444-444-444-444-444-44-4-4-4-4-444-444-444-444-444-444-*4:4:
T e e i NI M =
N N N N N N N M N R MR R N N R N R R N R N N NN NN N RN R N N M M
4-444-444-444-44-4-444-444-444-444-444-444-444-444-44-4-444-444-444-444-444-444-*4:4:
N N N R N R R R R N N R N MR N N RN NN RN M) LR N N RN NN N N R N
N N N N N N R N N NN N R NN R M ) N N N NN N RN
N N N N N N N R RN N N RN N N ) NN RN NN NN

L N )
L )
i
L )
L N
i
L NN )
-
L N
L
LN )
L
i
o
L N
i
L NN )
-
L N
L
L N )
L )
i
o
L N
i
L NN )
-
L N
L
L N )
L )
i
o
L N
i
L NN )
-
L N
L
L N )
L )
i
o
L N
i
L NN )
-
L N
L
L N )
L )
i
o
L N
i
L NN )
-
L N
L
L N )
L )
i
o
L N
i
L NN )
-
L N
L
L N )
L )
i
o
L N
i
L NN )
-
L N
L
L N )
L )
i
o
L N
L N )
L
i
L N
L )
¥
LN ]

-
-
-
-

L)
»
»
»
»
»
»

o
L
L)
o
o
o
o
o
o
o
-
o
o
-
o
o
-
o
o
-
o
o
-

L)

¥

L

L]

¥

L

L]

¥

L

L]

¥

L

L]

¥

L

L]

¥
LN NN

L N )

L

-

L e
LN NN
LN
LN NN
L e
L
L e
LN NN
L e
LN NN
L e
L
L e
LN NN
L e
LN NN
L e
L
L e
LN NN
L e
LN NN
L e
L
L e
LN NN
L e
LN NN
L e
L
L e
LN NN
L e

L]

L
L e
L e
LN NN
L e

¥
LN NN
L e

L
L e
L e
LN NN
L e

¥
LN NN
L e

L
L e
L e
LN NN
L e
L NN )
L e
L
L)

LN
»
»

]
-
]
]
L]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]

4-4:4:
EN N
LMk

L
L

L N N N NN N NN
LN NN N

L
LN N N N N NN

LN NN N
L NN N
L

L NN N
LN

L

L
LN NN N
LN

L

LN

L NN N
L

ERE NN
NN

LN

o)
F oA

)

ki

)
o)

)

ki
AR N

T
i b b
RN

o
)

ki
i b b
AR RN

ki
AR N

ki
i b b

)

ki
AR N

ki
i b b

)

ki
AR N

ki
i b b

)

ki
AR N

ki
i b b

)

ki
AR N

ki
i b b

)

ki
AR N

F oA
)

ki
RN N

)

ki
R RN

)

ki
R RN

)

ki
R RN

)

ki
R RN

TR
TR
RN
ki
TR
TR
RN
ki
TR
TR
RN
ki
TR
TR
RN
ki
TR
TR
RN
ki
TR
TR
RN
TR
TR
RN
ki
RN
ki
TR

I A e I A T A e T A e I A A A A O A e A A e A B R B A B R B A B

-

ST -}
oo W ow LR

) L

R N N RN N N N R N RN RN NN M) X
»

]
L)
L)
L]
]
L)
]
L)
L]
]
L]
]
L)
L]
]
L)
L]
L]
]
L)

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

)
L
L
)
L
L
)
L
L
)

L

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

L3
L)
L
L3
L)
L
L3
L)
L
L3

-

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

L
L
L
L
L
L
L
L
L
L

-

»
»
»
»
»
»
»
»
»
»

]

-

]

]

L]

]

]

]

]

]

]

]

]

]

]

]

]

]

]

]

]

]

]

]

]

L

o

L

o

L

L
-

i

o

o
L ]

L
L ]
L )
o
L ]
L )
o

L

L

o

L

-
L
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
b
L NN
-
¥ &
o
¥ &
-
-
L )

]
-
]
]
L]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]

-
L
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

L )
-

]
-
]
]
L]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]

ARRE R R R R R R R R R R R R R R R R R R R R R :
e B L e N M MU ML e MMM N
N N N N N N N N R N R NN R N M)
4-44-4-4-4-4-44-4-44-4-444-444-444-444-444-444-:4:4:
L e i i i N M B =
R R N N N N N RN R N NN N N N N RN N M
4-44-4-4-4-4-44-4-44-4-444-444-444-444-444-444-:4:4:
L e i i e N MMM =
R N N N N N RN R N NN N N N R R N M
N N N NN N NN M NN

L
-
L
L
L)
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L

444-444-444-444-444-4*4:

A0 NN N N NN N )
L)

AN N N NN NN N
L i

A0 NN N N NN N )
AN N N NN NN N
L i

A0 NN N N NN N )
AN N N NN NN N
L i

A0 NN N N NN N )
AN N N NN NN N
L i

A0 NN N N NN N )
AN NN NN NN N )
L i

A0 NN N N NN N )
AN N N NN NN N
L i

A0 NN N N NN N )
AN N N NN NN N
L i

AN N N NN NN N )
AN N N NN NN N
L i

A0 NN N N NN N )
AN N N NN NN N
L i

A0 NN N N NN N )
AN N N NN NN N
L i

A0 NN N N NN N )
AN N N NN NN N
L i

A0 NN N N NN N )
AN N N NN NN N
L i

A0 NN N N NN N )
AN N N NN NN N
L i

A0 NN N N NN N )
AN N N NN NN N
L i

A0 NN N N NN N )
AN N N NN NN N
L i

A0 NN N N NN N )
AN N N NN NN N
L i

A0 NN N N NN N )
AN N N NN NN N
L i

A0 NN N N NN N )
AN N N NN NN N
L i

A0 NN N N NN N )
AN N N NN NN N
L i

A0 NN N N NN N )
AN N N NN NN N
L i

A0 NN N N NN N )
AN N N NN NN N
L i

A0 NN N N NN N )
AN N N NN NN N
L i

A0 NN N N NN N )
AN N N NN NN N
L i

A0 NN N N NN N )
AN N N NN NN N
L i

A0 NN N N NN N )
AN N N NN NN N
L i

A0 NN N N NN N )
AN N N NN NN N
L i
o
Ly b

L i

A0 NN N N NN N )
Ly el
L i

L

Ll

L i

L

Ly el
L i

L
o
Ly b

L e
o

L b

L & e
o

L b

L & e

L

Ly b

L e
o
Ly b

A NN
L i 4



US 11,532,854 B2

Page 2

(56) References Cited
U.S. PATENT DOCUMENTS
2009/0117453 Al* 5/2009 Kikuchi ............... HOIM 50/411
429/145
2011/0027658 Al 2/2011 Kim et al.
2011/0052987 Al1* 3/2011 Katayama ............ HOIM 50/411
429/221
2011/0081594 Al1* 4/2011 Han ...................... HO1IM 50/44
429/479
2011/0200863 Al 8/2011 Xiso et al.
2011/0274961 Al1* 11/2011 Takita ................. HO1M 50/491
429/249
2012/0003546 Al 1/2012 Han et al.
2012/0090758 Al* 4/2012 Lee .....ccocoeerinnn, HO1M 50/449
156/60
2013/0101886 Al 4/2013 Jung et al.
2013/0115484 Al 5/2013 L1 et al.
2013/0189587 Al* 7/2013 Kikuchi ............... HOIM 50/411
429/246
2015/0263325 Al1* 9/2015 Honda ................ HOIM 50/457
429/144
2015/0380705 A1* 12/2015 Lee ..occoveeeeinnnnnnn, HOIM 50/491
429/254
FOREIGN PATENT DOCUMENTS
KR 20070000231 A 1/2007
KR 20110097714 A * 82011 ... HOIM 50/411
WO 2008149986 Al  12/2008

* cited by examiner



@\

aa

<

5 . .

< UonoBAC A

m pue ¢ "W ybnoiyl | s aanusou) 1o welbouusy ] (VIALL) SISAjEUY 1EDIUBLOSWIoULISY |

= SUBWINISU| VL YV PA IESIBAN (D) @imesedwal

% 052 002 00 o¢ 5
-09

= :

-

: 0

gl

S

) 0Z1

~

=

2 Niig!

S

-

U .09}

(%) uoisusuwi(



US 11,532,854 B2

Sheet 2 of 4

Dec. 20, 2022

U.S. Patent

UCHO8ICT (1L 84l U] pauuolad Buisel yum Z 30 pue | 30 sejdwes aaneieduon omy

pue $ w3 ubnoayl | X3 saiuesu) jo weifiouusy ] (WiNL) siSAleuy [EDIURYSSLLICULISY |
SIURWINISU] Y1 YW PA IBSIBAILN (D) sumesadwa)

052 002 051 001 08

{
(o
e

R

.*:,'-.-Z-.-Z-.

{04, ) UDISUBLIN

+
i.
N
W




B 7Y BUR © T30 SN SARRIBdLUOT) DUB & "X
DUR ¢ TXT SAlUSAUL 1O wiribouuay (YD 1) sisAeuy aujsunaribouisy
(Da) Bimeiadway
0 - 082 RtV - 05l 00L 06

US 11,532,854 B2

“%l& LB /@// .

b By v Aed

Sheet 3 of 4

%EY 86
Vot QYT

Dec. 20, 2022

%8 66
Dot OY7

U.S. Patent

P /8

66
001

(9%} 1BIspA



US 11,532,854 B2

L)
y
X

'
Iy
'
y
.
'
y
L)

'
X

-]
y

”.4H.4H._...__..4._...4H.4”.4H.4H.__.”.4H.4”._...__..4._...4H.4”.4H.4”.__.”.4H.4H.4”.4.._..4H.__.”.4H.4”._..”.4H.4H.4”.4..q.4..q.__.”.4H.4”._..”.4H.4H.4”.4.....4..q.__.”.4H.4”.4”.4H.4”.__.”.4H.4..q.__...q.4H.4H.4”.4H.4H.__.”.4H.4..q.__...q.4H.4H._..”.4H.4”.__.”.4H.4”.4.q.4H.4”._..”.4H.4.....__.”.4H.4H.__.”.4H.4H._..”4H4”4”4H4”4”4H4”4”4H4H4”
B ka3l N E o aE ok ka3 al kb
iy dr b iyt e Sl et e b e b dr e b b e it Sl iy b iy b by Sl iy b b dr b ey b iy b b dr ety Sl e iy i dr b et e b et b e b e b e it e ek
N A N N
dp dp dr e dp dr e dr e iy i e dr e e dr e e dr i dp e e dr dr e e dr i e i e e e e dr e dp e e e e e dr e e dr i e e e dr e e e e dr e e dr e e e e dr e i e
e e e e a  a a a  a a E  a aral aE a ar a a aar ak a a ala
dp e dp dt ke e i e e dp e ddr el ol e d il iy de e b de e & el e e de iyl dp b e e A e & e d e e i d dr e d ke d d o ek d ke d ok ke ok &k ko k
o e E  a E E  a  aE  a E  a  E  E E E E  E E k k a  E aE E E  E aE
dp iy dp iy sy dp ey e iy ey dp e ey il e iy Sl iy e iy oyl ey iy i e ey dp e iyl e iy S e e dp e ey e e iy il i e dp ey dp e ey e e e e e ey e e iy
kN
fu r Ay ap o i b e e dr e e b dp b e b b e b e i dr b e ot e dr i dr b e dr e el e e b e dr ol e el e dr e dr e i i e e e
) ...H...H.._.H...”.._.“...”...H.._.H...H...”....4.._.._......4.._..4....4....4....4.._..__.....4...H.._.”...H.._.“...H...”...H.._.H...”.._.“....4....4.._..4.._..__.....4....4.._.._......4.._..4....4....4....4.._..__.....4....4.._..4....4.._..4.._..__.....4....4.._..__.....4.._..4....4....4....4.._.H....4....4.._..__.....4.._..4...._......4....4.._..__.....4....4.._..4....4....4.._.._......4....4.._..__.....4.._..4....__.....4....4.._.._......4....4.........4...4..........4...4.........4...4...4...

L ) L e )

»
B
»
»

K »
»
»
B
»

L 0 s )

L S N

Sheet 4 of 4

sy BN 5§ o 5y oy E ysyy sy gy sy Qs yy Qg gy sy Qg gy gy gy y gy sy sy yfsy gy sy gy y ey g gl
P e D e e e D e B B D P N B e P D N M B B P P N A P P N N B A P N N A N NS M N LM

....4.__.4”._..H_4H4H4”.4H4H___.“.4H4”._..”4H4H4”4H4”._..”_4H4H4”.4H4H._..”_4H4”._..”.4H4H.4”4H4”._..”.4H4H___.”4H4H.4H_4H4H___.”.4H4”.4H4H4H._..”.4H4”.__.“.4H4H4”.4H4H___.“.4H4”._..”4H4H___.”.4H4”._..”_4H4H4”.4H4”._..”.4H4”._..”.4H4H___.”.4H4”._..H_4”4”4”4”4”4“4”4”4”4”4”.4“
N A N N
dp dp dr e dp dr e dr e iy i e dr e e dr e e dr i dp e e dr dr e e dr i e i e e e e dr e dp e e e e e dr e e dr i e e e dr e e e e dr e e dr e e e e dr e i e
e e e e a  a a a  a a E  a aral aE a ar a a aar ak a a ala
dp e dp dt ke e i e e dp e ddr el ol e d il iy de e b de e & el e e de iyl dp b e e A e & e d e e i d dr e d ke d d o ek d ke d ok ke ok &k ko k
o e E  a E E  a  aE  a E  a  E  E E E E  E E k k a  E aE E E  E aE
dp iy dp iy sy dp ey e iy ey dp e ey il e iy Sl iy e iy oyl ey iy i e ey dp e iyl e iy S e e dp e ey e e iy il i e dp ey dp e ey e e e e e ey e e iy
kN
dp e dp e e e e e i el el ir o e e b e el e el e e e dr ol e dr ol i e e e o e i e i e d e e o el e i i e ke ek
o e
Ju r dr dr dp iy i iy dr e iy dp e e dr e e i dp dr e e dp dr e iy e dr e e dp e e dr i iy e e dp dp e iy dr e e i dp dr e e dp e e e e dr e e dr e e e iy i e e e dr i
T T T T e T T e T e T T i e T e i e e e i e i e e e i i e e e e e e e T e e T e T e T T T T T T

Dec. 20, 2022

U.S. Patent

> 1ahe) Bueoo DIWBIRY -

-

R e g
A T a  a  a w a  a a w a  a a  aa a Y,

.__.H.q”...”.__. o
e e




US 11,532,854 B2

1

BATTERY SEPARATOR INCLUDING
MICROPOROUS POLYOLEFIN MEMBRANE
WITH CERAMIC COATING

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a Divisional application to U.S. appli-
cation Ser. No. 13/960,924, filed Aug. 7, 2013; which claims
priority to and the benefit of U.S. provisional patent appli-

cation Ser. No. 61/680,530 filed Aug. 7, 2012 which 1s fully
incorporated by reference herein.

FIELD OF THE INVENTION

The present mvention 1s directed to improved, new or
modified membranes, separators, and/or related methods. In
accordance with at least certain embodiments, the present
invention 1s directed to improved, new or modified nonpo-
rous, porous, or microporous battery separator membranes
or separators and/or related methods of manufacture and/or
use of such membranes or separators. In accordance with at
least selected embodiments, the present invention is directed
to 1mproved, new or modified nonporous, porous, or
microporous battery separator membranes or separators for
lithtum 10n batteries and/or related methods of manufacture
and/or use of such membranes or separators. In accordance
with at least selected particular embodiments, the present
invention 1s directed to improved, new or modified nonpo-
rous, porous, or microporous battery separator membranes
or separators lfor secondary or rechargeable lithium 1on
batteries and/or related methods of manufacture and/or use
of such membranes or separators. In accordance with at least
certain selected particular embodiments, the present mnven-
tion 1s directed to nonporous, porous, or microporous coated
porous or microporous battery separator membranes or
separators for secondary lithium 1on batteries and/or related
methods of manufacture and/or use of such membranes or
separators. In accordance with at least one embodiment, an
improved, new or modified nonporous, porous, or miCropo-
rous membrane, separator membrane or separator for a
lithium 10n battery includes a porous or microporous mem-
brane coated with a ceramic coating or layer such as a layer
ol one or more particles and/or binders. In accordance with
at least one particular embodiment, an 1mproved, new or
modified nonporous, porous, or microporous membrane,
separator membrane or separator for a secondary lithium 10n
battery includes a microporous membrane coated with at
least one porous ceramic coating or layer such as a layer of
one or more ceramic particles and polymeric binders. In
accordance with at least selected embodiments, the inven-
tive ceramic coated separator membrane or separator prei-
erably provides improved safety, cycle life and/or high
temperature performance 1n a secondary lithtum 10n battery.

SUMMARY OF THE INVENTION

In accordance with at least selected embodiments, objects
or aspects ol the present invention, there 1s provided
improved, new or modified membranes, separators, and/or
related methods. In accordance with at least certain embodi-
ments, the present invention 1s directed to improved, new or
modified nonporous, porous, or microporous battery sepa-
rator membranes or separators and/or related methods of
manufacture and/or use of such membranes or separators. In
accordance with at least selected embodiments, the present
invention 1s directed to improved, new or modified nonpo-
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rous, porous, or microporous battery separator membranes
or separators for lithium 1on batteries and/or related methods
of manufacture and/or use of such membranes or separators.
In accordance with at least selected particular embodiments,
the present invention 1s directed to improved, new or modi-
fied nonporous, porous, or microporous battery separator
membranes or separators for secondary or rechargeable
lithium 10n batteries and/or related methods of manufacture
and/or use of such membranes or separators. In accordance
with at least certain selected particular embodiments, the
present invention 1s directed to nonporous, porous, or
microporous coated porous or microporous battery separator
membranes or separators for secondary lithtum 1on batteries
and/or related methods of manufacture and/or use of such
membranes or separators. In accordance with at least one
embodiment, an improved, new or modified nonporous,
porous, or microporous membrane, separator membrane or
separator for a lithium 1on battery includes a porous or
microporous membrane coated with a ceramic coating or
layer such as a layer of one or more particles and/or binders.
In accordance with at least one particular embodiment, an
improved, new or modified nonporous, porous, or miCropo-
rous membrane, separator membrane or separator for a
secondary lithium 10n battery includes a microporous mem-
brane coated with at least one porous ceramic coating or
layer such as a layer of one or more ceramic particles and
polymeric binders. In accordance with at least selected
embodiments, the inventive ceramic coated separator mem-
brane or separator preferably provides improved safety,
cycle life and/or high temperature performance in a second-
ary lithium 1on battery.

In accordance with at least selected embodiments, the
present mvention 1s directed to improved, new or modified
microporous membranes, separators, and/or related meth-
ods. In accordance with at least certain embodiments, the
present mvention 1s directed to improved, new or modified
microporous battery separator membranes or separators and/
or related methods of manufacture and/or use of such
membranes or separators. In accordance with at least
selected certain embodiments, the present invention 1s
directed to improved, new or modified microporous battery
separator membranes or separators for lithtum 1on batteries
and/or related methods of manufacture and/or use of such
membranes or separators. In accordance with at least
selected particular embodiments, the present invention 1s
directed to improved, new or modified microporous battery
separator membranes or separators for secondary or
rechargeable lithium 10n batteries and/or related methods of
manufacture and/or use of such membranes or separators. In
accordance with at least certain selected particular embodi-
ments, the present mvention 1s directed to coated micropo-
rous battery separator membranes or separators for second-
ary lithium 1on batteries and/or related methods of
manufacture and/or use of such membranes or separators. In
accordance with at least one embodiment, an improved, new
or modified microporous membrane, separator membrane or
separator for a lithium 1on battery includes a microporous
membrane coated with at least one coating, particle coating,
and/or ceramic coating or layer such as a layer of one or
more particles, ceramics, polymers and/or binders. In accor-
dance with at least one particular embodiment, an 1improved,
new or modified microporous membrane, separator mem-
brane or separator for a secondary lithium ion battery
includes a microporous membrane coated with at least one
porous ceramic coating or layer such as a layer of one or
more ceramic particles and polymeric binders. In accor-
dance with at least selected embodiments, the inventive
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ceramic coated microporous separator membrane preferably
provides improved safety, cycle life and/or high temperature
performance 1n a secondary lithium 1on battery.

In accordance with at least one embodiment, an improved,
new or modified membrane, separator membrane or sepa-
rator for a lithtum 1on battery includes a microporous
membrane coated with a matenal, particle coating, and/or
ceramic coating or layer such as layer of one or more types
of ceramic particles and at least one polymeric binder. In
accordance with at least selected embodiments, the inven-
tive ceramic coated separator membrane preferably provides
improved safety, cycle life and/or high temperature perfor-
mance 1n a secondary lithium 1on battery. The improvement
in the safety, cycle life and/or high temperature performance
of the coated and/or ceramic coated separator membrane 1s
believed mainly due to the coating or ceramic coating or
layer undergoing an oxidation or reduction reaction at the
interface of the coated separator and electrodes 1n a lithium
ion battery. The formation of an oxidized or reduced inter-
facial layer between a separator and a battery electrode
prevents or stops further oxidation or reduction reactions
from occurring and improves the safety, cycle life and/or the
high temperature performance of a lithium 10on battery. In
addition, the safety, cycle life and high temperature perfor-
mance of the coated and/or ceramic coated separator mem-
brane 1s 1improved due to its high dimensional stability at
clevated temperatures. Furthermore, i at least certain
embodiments, this wunique 1nventive ceramic coated
microporous separator membrane preferably evolves >2%
volatile components at =250 deg C.

In accordance with at least selected embodiments, the
present 1vention preferably provides a coated separator
membrane for a secondary lithium 1on battery which 1s
preferably made up of a microporous polyolefin substrate
coated on at least one side with a coating, particle coating,
and/or ceramic coating or layer of one or more polymers or
binders, particles, and/or ceramic particles and at least one
polymeric binder. These selected embodiments further pro-
vide a process for producing a separator according to the
present invention, the use of an inventive separator 1n a
secondary lithium 10n battery, and the like. These selected
embodiments, also provide an inventive separator that pret-
erably has the advantage of improved safety, cycle life,
and/or high temperature performance when used 1n a lithium
ion battery. This improved, new or modified membrane,
membrane separator or separator for a lithium 1on battery 1s
preferably coated on at least one side with a mixture of a
ceramic particle or particles and one or more aqueous or
water based polymeric binders. The aqueous or water based
binder contained in the ceramic coating or layer may
undergo an oxidation or reduction reaction at the interface of
the coated separator and electrodes 1n a lithium 10n battery.
Oxidation or reduction reactions can occur during the for-
mation stage of a lithium 1on battery or during the charging
and/or discharging stage of a lithium 10n battery. The oxi-
dized or reduced interfacial layer may provide a barrier or
sacrificial interfacial layer on the surface of the coated
separator that can prevent or stop further oxidation or
reduction reactions Irom occurring at the interface and
improve the performance or cycle life of a lithium 1on
battery.

The nonporous, porous or microporous coating, particle
coating, and/or ceramic coating can be applied to a porous,
macroporous or microporous membrane, film or separator
membrane as a single or multiple layer coating or layer
structure and as a single or double side coating. At least
selected embodiments of the present invention comprise a

10

15

20

25

30

35

40

45

50

55

60

65

4

single or double side coating or ceramic coating that 1s about
1-12 um thick or more, preferably about 2-12 um thick, more
preferably about 3-10 um thick, and most preferably about
3-7 um thick. Selected embodiments of the present invention
may preferably be distinguished from prior coated or
ceramic coated battery separators in at least one of five
ways: 1) the mventive ceramic coated microporous mem-
brane has a Machine Direction (MD) shrinkage of <2% at
120 deg C. for one hour when tested 1n free state and a MD
shrinkage of <3% at 130 deg C. for one hour when tested 1n
free state, 2) the mventive ceramic coated microporous
membrane has a MD shrinkage of <1% at 150 deg C. when
tested using Thermomechanical Analysis (TMA), 3) the
inventive ceramic coated microporous membrane has a
transverse direction (1D) shrinkage <1% at 150 deg C. when
tested using e-TMA, 4) the inventive ceramic coated
microporous membrane evolves >2% volatile components at
250 deg C. when tested using Thermogravimetric Analysis
(TGA), and/or 5) the coating results 1n a low increase 1n
Gurley for the inventive ceramic coated microporous mem-
brane.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 1s a Thermomechanical Analysis (TMA) thermo-
gram representation of Inventive Examples Ex 1 through Ex
5 and two comparative samples CE 1 and CE 2 with testing
performed i the Machine Direction (MD) of the mem-
branes.

FIG. 2 1s a Thermomechanical Analysis (TMA) thermo-
gram representation of Inventive Examples Ex 1 through Ex
4 and Comparative samples CE 1 and CE 2 with testing
performed 1n the Transverse Direction (TD) of the mem-
brane.

FIG. 3 1s a Thermogravimetric Analysis (1GA) thermo-
gram representation of Inventive Examples Ex 3 and Ex 4
and Comparative examples CE 3 and CE 4.

FIG. 4 1s a schematic cross-section illustration of a single
side coated membrane, separator membrane or separator.

FIG. 5 1s a schematic cross-section 1llustration of a double
side coated membrane, separator membrane or separator.

Various examples, embodiments or aspects of the inven-
tion are shown 1n the drawings. It should be recognized that
these figures are merely illustrative of the principles of the
present 1nvention. Numerous additional embodiments,
examples, modifications, and adaptations thereof will be
described below and are readily apparent to those skilled 1n
the art without departing from the spirit and scope of the
invention.

DETAILED DESCRIPTION OF TH.
INVENTION

(Ll

In accordance with at least selected embodiments, objects
or aspects ol the present invention, there 1s provided
improved, new or modified membranes, separators, and/or
related methods. In accordance with at least certain embodi-
ments, the present invention 1s directed to improved, new or
modified nonporous, porous, or microporous battery sepa-
rator membranes or separators and/or related methods of
manufacture and/or use of such membranes or separators. In
accordance with at least selected embodiments, the present
invention 1s directed to improved, new or modified nonpo-
rous, porous, or microporous battery separator membranes
or separators for lithtum 10n batteries and/or related methods
of manufacture and/or use of such membranes or separators.
In accordance with at least selected particular embodiments,
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the present invention 1s directed to improved, new or modi-
fied nonporous, porous, or microporous battery separator
membranes or separators for secondary or rechargeable
lithium 10n batteries and/or related methods of manufacture
and/or use of such membranes or separators. In accordance
with at least certain selected particular embodiments, the
present ivention 1s directed to nonporous, porous, or
microporous coated porous or microporous battery separator
membranes or separators for secondary lithium 10n batteries
and/or related methods of manufacture and/or use of such
membranes or separators. In accordance with at least one
embodiment, an 1mproved, new or modified nonporous,
porous, or microporous membrane, separator membrane or
separator for a lithium 1on battery includes a porous or
microporous membrane coated with a ceramic coating or
layer such as a layer of one or more particles and/or binders.
In accordance with at least one particular embodiment, an
improved, new or modified nonporous, porous, or miCropo-
rous membrane, separator membrane or separator for a
secondary lithium 10n battery includes a microporous mem-
brane coated with at least one porous ceramic coating or
layer such as a layer of one or more ceramic particles and
polymeric binders. In accordance with at least selected
embodiments, the inventive ceramic coated separator mem-
brane or separator preferably provides improved safety,
cycle life and/or high temperature performance 1n a second-
ary lithium 10n battery.

In accordance with at least selected embodiments, the
present mvention 1s directed to improved, new or modified
microporous membranes, separators, and/or related meth-
ods. In accordance with at least certain embodiments, the
present mvention 1s directed to improved, new or modified
microporous battery separator membranes or separators and/
or related methods of manufacture and/or use of such
membranes or separators. In accordance with at least
selected certain embodiments, the present nvention 1s
directed to improved, new or modified microporous battery
separator membranes or separators for lithium ion batteries
and/or related methods of manufacture and/or use of such
membranes or separators. In accordance with at least
selected particular embodiments, the present invention 1s
directed to improved, new or modified microporous battery
separator membranes or separators for secondary or
rechargeable lithtum 10n batteries and/or related methods of
manufacture and/or use of such membranes or separators. In
accordance with at least certain selected particular embodi-
ments, the present invention 1s directed to coated micropo-
rous battery separator membranes or separators for second-
ary lithium 1on batteries and/or related methods of
manufacture and/or use of such membranes or separators. In
accordance with at least one embodiment, an improved, new
or modified microporous membrane, separator membrane or
separator for a lithium 1on battery includes a microporous
membrane coated with at least one coating, particle coating,
and/or ceramic coating or layer such as a layer of one or
more particles, ceramics, polymers and/or binders. In accor-
dance with at least one particular embodiment, an improved,
new or modified microporous membrane, separator mem-
brane or separator for a secondary lithrum ion battery
includes a microporous membrane coated with at least one
porous ceramic coating or layer such as a layer of one or
more ceramic particles and polymeric binders. In accor-
dance with at least selected embodiments, the inventive
ceramic coated microporous separator membrane preferably
provides improved safety, cycle life and/or high temperature
performance 1n a secondary lithium 1on battery.
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In accordance with at least one embodiment, an improved,
new or modified membrane, separator membrane or sepa-
rator for a lithium 1on battery includes a microporous
membrane coated with a matenal, particle coating, and/or
ceramic coating or layer such as layer of one or more types
of ceramic particles and at least one polymeric binder. In
accordance with at least selected embodiments, the inven-
tive ceramic coated separator membrane preferably provides
improved safety, cycle life and/or high temperature pertor-
mance 1n a secondary lithium 1on battery. The improvement
in the safety, cycle life and/or high temperature performance
ol the coated and/or ceramic coated separator membrane 1s
believed mainly due to the coating or ceramic coating or
layer undergoing an oxidation or reduction reaction at the
interface of the coated separator and electrodes 1n a lithium
ion battery. The formation of an oxidized or reduced inter-
facial layer between a separator and a battery electrode
prevents or stops further oxidation or reduction reactions
from occurring and improves the safety, cycle life and/or the
high temperature performance of a lithium 10n battery. In
addition, the safety, cycle life and high temperature perfor-
mance of the coated and/or ceramic coated separator mem-
brane 1s improved due to its high dimensional stability at
clevated temperatures. Furthermore, imn at least certain
embodiments, this unique i1nventive ceramic coated
microporous separator membrane preiferably evolves >2%
volatile components at =250 deg C.

In accordance with at least selected embodiments, the
present invention preferably provides a coated separator
membrane for a secondary lithium 1on battery which 1s
preferably made up of a microporous polyolefin substrate
coated on at least one side with a coating, particle coating,
and/or ceramic coating or layer of one or more polymers or
binders, particles, and/or ceramic particles and at least one
polymeric binder. These selected embodiments further pro-
vide a process for producing a separator according to the
present invention, the use of an inventive separator 1 a
secondary lithtum 1on battery, and the like. These selected
embodiments, also provide an inventive separator that pret-
erably has the advantage of improved safety, cycle life,
and/or high temperature performance when used 1n a lithium
ion battery. This improved, new or modified membrane,
membrane separator or separator for a lithium 1on battery 1s
preferably coated on at least one side with a mixture of a
ceramic particle or particles and one or more aqueous or
water based polymeric binders. The aqueous or water based
binder contained in the ceramic coating or layer may
undergo an oxidation or reduction reaction at the interface of
the coated separator and electrodes 1n a lithium 1on battery.
Oxidation or reduction reactions can occur during the for-
mation stage of a lithium 1on battery or during the charging
and/or discharging stage of a lithium 1on battery. The oxi-
dized or reduced interfacial layer may provide a barrier or
sacrificial interfacial layer on the surface of the coated
separator that can prevent or stop further oxidation or
reduction reactions from occurring at the interface and
improve the performance or cycle life of a lithium 1on
battery.

The nonporous, porous or microporous coating, particle
coating, and/or ceramic coating can be applied to a porous,
macroporous or microporous membrane, film or separator
membrane as a single or multiple layer coating or layer
structure and as a single or double side coating. At least
selected embodiments of the present invention comprise a
single or double side coating or ceramic coating that 1s about
1-12 um thick or more, preferably about 2-12 um thick, more
preferably about 3-10 um thick, and most preferably about
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3-7 um thick. Selected embodiments of the present invention
may preferably be distinguished from prior coated or
ceramic coated battery separators in at least one of five
ways: 1) the inventive ceramic coated microporous mem-
brane has a Machine Direction (MD) shrinkage of <2% at
120 deg C. for one hour when tested in free state and a MD
shrinkage of <3% at 130 deg C. for one hour when tested 1n
free state, 2) the imventive ceramic coated microporous
membrane has a MD shrinkage of <1% at 150 deg C. when
tested using Thermomechanical Analysis (TMA), 3) the
inventive ceramic coated microporous membrane has a
transverse direction (TD) shrinkage <1% at 150 deg C. when
tested using e-TMA, 4) the mmventive ceramic coated
microporous membrane evolves >2% volatile components at
250 deg C. when tested using Thermogravimetric Analysis
(TGA), and/or 5) the coating results 1n a low increase 1n
Gurley for the inventive ceramic coated microporous mem-
brane.

The present invention 1s preferably directed to improved,
new or modified battery separators, and/or related methods.
In accordance with at least certain embodiments, the present
invention 1s directed to improved, new or modified nonpo-
rous, porous or microporous battery separators and/or
related methods of manufacture and/or use of such separa-
tors. In accordance with at least selected embodiments, the
present invention 1s directed to improved, new or modified
coated, particle coated or ceramic coated battery separators
for lithtum 10n batteries and/or related methods of manu-
facture and/or use of such separators. In accordance with at
least selected particular embodiments, the present invention
1s directed to improved, new or modified coated, particle
coated or ceramic coated battery separators for secondary or
rechargeable lithtum 10n batteries and/or related methods of
manufacture and/or use of such separators. In accordance
with at least certain selected particular embodiments, the
present invention 1s directed to coated battery separators
including a microporous membrane, film or separator with a
coating on at least one side thereotf and/or related methods
of manufacture and/or use of such separators. In accordance
with at least one embodiment, an improved, new or modified
coated separator for a lithium 1on battery includes a
microporous membrane coated with a ceramic coating or
layer such as porous or nonporous layer of ceramic particles
and at least one polymeric binder. In accordance with at least
selected embodiments, the imventive ceramic coated sepa-
rator preferably provides improved safety, cycle life and/or
high temperature performance in a secondary lithium 1on
battery.

In accordance with selected embodiments, the coating,
particle coating or ceramic coating may be present on one or
both sides of the membrane, film, separator membrane or
separator. FIGS. 4 and 5 show respective single sided or
single side coated and double sided or double side coated
embodiments. It should be noted that 1n FIGS. 4 and 5 that
the coatings may be polymer, particle or ceramic coatings,
that the coatings may be porous or non-porous, and that in
the double side coated embodiment of FIG. 5 that the
coating may be the same or different on each side. For
example, although two ceramic coatings are shown, 1t 1s
understood that one side may be a particle-free coating (such
as PVDF), a particle coating (such as polymer particles 1n a
binder), or a ceramic coating (such as ceramic particles in a
binder or polymeric binder) and the other side may be the
same or a different coating, particle coating, or ceramic
coating. One side may be adapted to contact the cathode
while the other side may be adapted to contact the anode. For
instance, one side may be PVDF coated while the other side
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1s ceramic coated with a mixture of a one or more ceramic
particles combined with one or more polymeric binders such

as PP, Pk, PO, PVDF or PIFE.

The preferred membrane, film, base layer, membrane
separator or separator may be a microporous polyolefin (PO)
substrate that can be made by a dry process (also know as the
CELGARD process), wet process, particle stretch process,
BOPP process, BNBOPP process, or the like. The dry
process refers to a process where the pore formation 1n a
microporous membrane results from umiaxial or biaxial
stretching of a nonporous precursor membrane (annular or
slot die extrusion). The wet process typically involves a
thermally induced phase separation process and a solvent
extraction step (or TIPS process). The membrane, film, base
layer, separator membrane or separator may preferably be a

single layer (monolayer) or a multilayer (such as bi-layer or
tri-layer or other multi-layer) microporous polyolefin mem-
brane having or consisting of two or more layers of the same
or dissimilar polyolefins. Exemplary polyolefins include, but
are not limited to, polypropylene (PP), polyethylene (PE),
polymethyl pentene (PMP) copolymers of any of the fore-
going and mixtures thereol. The preferred microporous
polyolefin substrate has a thickness ranging from about
1-100 um, preferably about 4-50 um, more preferably about
6-30 um, and most preferably 8-20 um. The preferred
membranes are Celgard® brand membranes available from
Celgard, LLC of Charlotte, N.C.

The ceramic coating 1s preferably made up of, includes or
1s comprised ol one or more ceramic particles or materials
mixed with one or more aqueous or water based binders,
polymers, polymeric binders, or the like. The ceramic par-
ticles may be inorganic or organic, prelferably inorganic.
Non-limiting exemplary examples of inorganic particles are
oxides of silicon (S10,), alumina (Al,O,), zirconium, tita-
nium (110,) or zinc or mixtures thereof or carbonates of
silicon, alumina, zirconium, calcium, zinc, and blends or
mixtures thereof. A preferred particle 1s Al,O;. The 1nor-
ganic particles may have an average particle size ranging
from 0.05 to 5 um 1n diameter, more preferably 0.01 to 4 um
in diameter and most preferably 0.01 to 2 um 1n diameter.
The ceramic particles are preferably adapted to keep the
clectrodes spaced apart or separated at high temperatures
grven sullicient loading of particles and coating thickness or
add.

The particle coating 1s preferably made up of, includes or
1s comprised ol one or more particles or materials mixed
with one or more aqueous or water based binders, polymeric
binders, polymers, or the like. The particles may be 1nor-
ganic or organic, prelerably organic. Non-limiting exem-
plary examples of organic particles are polymer materials or
particles, such as polymer fibers, beads, chips, or the like.
Preferred polymers may include PP, PE, PO, PP/PE, PET,
PTFE, PVDE, copolymers, block copolymers, or blends or
mixtures thereof. A preferred particle 1s PO, PVDF or PET.
The organic particles may have an average particle size
ranging from 0.05 to 5 um 1n diameter, more preferably 0.01
to 4 um 1n diameter, and most preferably 0.01 to 2 um 1n
diameter. Certain high temperature polymer particles may
preferably be adapted to keep the electrodes spaced apart or
separated at high temperatures given suflicient loading of
particles and coating thickness or add.

The preferred water based polymeric binder can be poly-
vinyl alcohol (PVOH), polyvinyl acetate (PVAc), poly-
acrylic acid salt, polyacrylonitrile, polyacrylamide or poly
(sodium acrylate-acrylamide-acrylonitrile) copolymer or
copolymers of the above or blends or mixtures of the above.
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The polymeric binder: ceramic particle ratio comprising
the coating mixture may be from 1:99 to 99:1.

Methods for coating a microporous polyolefin substrate
include any conventional coating manner such as dip coat-
Ing, gravure coating, spray coating, electrospin or electro-
spun coating, myer rod dip coating, slot die or extrusion
coating, sputtering, vapor deposition, sputtering chemaical
vapor deposition, or the like. The ceramic coating can be
applied to a microporous membrane, substrate or separator
membrane as a single or double side coating. At least
selected embodiments of the present invention comprise a
single or double side ceramic coating that 1s preferably about
2-12 pm thick, more preferably about 3-10 um thick, and
most preferably 3-7 um thick. The preferred method 1s a
double side coating.

The possibly preferred inventive ceramic coated micropo-
rous separator membrane has improved high temperature
stability due to a reduction 1 the amount of machine
direction and transverse direction shrinkage of the mem-
brane at elevated temperatures. The inventive ceramic

coated separator membrane was analyzed using a TA Instru-
ment Thermomechanical Analyzer model TMA Q400. In
this test method, a sample 5 mm 1n length and 5.9 mm in
width 1s held under a constant load of 0.02ZN while the
temperature 1s ramped up at 5° C./min rate until the tem-
perature exceeds the melting point of the sample and the
sample ruptures. Typically, as the temperature of a separator
membrane sample 1s increased, the sample 1nitially shows
small but a measurable amount of shrinkage followed by
clongation of the sample until it eventually breaks or rup-
tures. The 1nitial shrinkage exhibited by the separator mem-
brane film 1s defined as strain shrinkage. The temperature at
the point of break or rupture of the sample 1s defined as the
rupture temperature.

FIG. 1 shows a thermogram analysis or TMA analysis
with the sample in the MD direction for inventive examples
Ex 1 through Ex 5, together with the comparative examples
CE 1 and CE 2. TMA data for the ceramic coated samples
Ex 1, Ex 2 and Ex 3 shows a marked reduction 1n the amount
of MD strain shrinkage for the ceramic coated PE samples
between 90 and 130 deg C. as Compared to the uncoated CE
1 control. Inventive Ex 4, a ceramic coated PP/PE/PP
trilayer membrane Celgard C-210, also shows a reduction in
the amount for strain shrinkage compared to the uncoated
control sample CE 2. Furthermore, the MD strain shrinkage
of Ex 5, a monolayer PP ceramic coated microporous
membrane 1s reduced. The inventive ceramic coating pro-
duces a reduction 1n the amount of MD strain shrinkage of
the PE, PP and multilayer microporous separator membranes
contaiming PP and PE at temperatures between 90 and 130
deg C.

At a temperature of 130 deg C., the TMA MD direction
shrinkage of Ex 1 through Ex 5 1s shown to be <2%.
Furthermore, at 140 deg C., the TMA MD direction strain
shrinkage of ceramic coated PE microporous membrane
shown 1n Ex 1, Ex 2 and Ex 3 1s <2%. Furthermore, at 150
deg C., the TMA MD direction strain shrinkage of ceramic
Coated PE microporous membrane Ex 1, Ex 2 and Ex 3 1s
<2%. Furthermore, at 160 deg C., the TMA MD direction
strain shrinkage of ceramic coated PE microporous mem-
brane Ex 2 and Ex 3 1s <2%.

Furthermore, the TMA test results in the MD direction
shows that a total ceramic coating thickness of 5-6 um (see
Ex 2 1n FIG. 1) when applied as a double sided coating to
the PE membrane 1s sutlicient to prevent the ceramic coated

PE separator membrane from melting up to 250 deg C.
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FIG. 2 shows TMA test results 1n the transverse direction
(ID) on samples Ex 1 through Ex 5 and Comparative
examples CE 1 and CE 2. The inventive ceramic coating has
a very low TD strain shrinkage of <1%. Ex 2 has high
temperature stability up to a temperature of 225 deg C.

One preferred beneficial effect of the inventive ceramic
coated battery separator membrane 1n a lithium 10n battery
1s 1mproved safety performance at high temperatures.

A mimimal amount of MD and TD strain shrinkage of the
separator at elevated temperatures may be a key factor in
maintaining an insulating, electrically nonconductive barrier
to prevent any contact between the battery anode and
cathode.

FIG. 3 shows a Thermogravimetric Analysis (TGA) ther-
mogram for the mventive ceramic coated separator mem-
brane Ex 3 and Ex 4 together with comparative patent
examples CE 3 and CE 4. TGA analysis of the mventive
ceramic coated separator was performed using TA Instru-
ments TGA Q30 model to monitor the change 1n the mass of
the inventive ceramic coated separator membrane as a
function of increasing temperature.

TGA 1s a process that utilizes heat and stoichiometry

ratios to determine the percent by mass of a solute in a
sample. TGA can quantity loss of volatile components 1n a
test sample.
CE 3 and CE 4 show <1.4% weight loss by a temperature
of 250 deg C. In contrast, the mventive ceramic coated
separator membrane samples Ex 3 and Ex 4 exhibit a loss of
volatile components of >2% by weight at a temperature of
250 deg C. The mventive ceramic coated separator mem-
branes 1n FIG. 3 were used to make lithium 1on batteries that
underwent a total of 400 charge/discharge cycles at a tem-
perature of 45 deg C. The ceramic coated separator mem-
brane Ex 3 and Ex 4 were removed from the batteries after
the 400 cycle testing and a TGA performed on the ceramic
coated separator membranes. Ex 3 and Ex 4 show greater
than 90% retention 1 mass after 400 battery cycles which
meets industrial battery cycling standards.

Test Methods

Shrinkage 1s measured at 120 deg C. for one hour or at
130 deg C. for one hour using modified ASTM 2732-96
procedure. Both the width and length of a sample are
measured before and after heat treatment. Samples are
placed 1n an oven 1n a free state meaning the sample 1s not
placed under tension and the sample 1s not supported by a
tentering frame. The net shrinkage 1s calculated by the
following formula:

% Net shrinkage=100%(Lo-L1)/(Lo+(Wo—-W1/Wo))

Where Lo 1s the length of the sample before treatment, L1
1s the length of the sample after treatment, Wo 1s the width
of the sample before treatment and W1 1s the width of the
sample after treatment.

Gurley 1s defined as the Japanese Industrial Standard (JIS
Gurley) and 1s a gas permeability test measured using the
OHKEN permeability tester. JIS Gurley 1s the time 1n
seconds required for 100c of air to pass through one square
inch of film at a constant pressure of 4.8 inches of water.
Thickness 1s measured 1n micrometers, um, using the
Emveco Microgage 210-A micrometer thickness tester and
test procedure ASTM D374.

Thermomechanical Analysis (1 MA) involves measuring,
the shape change of a sample under load, while the tem-
perature 1s linearly increased. TA Instruments TMA Q400

was used for the analysis. The TMA analytical test utilizes
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a small separator sample 5 mm in length and 5.9 mm 1n
width that 1s held 1n mini-Instron type grips. The sample 1s

held under constant tension or load of approximately 0.02N
while the temperature 1s ramped at 35° C./min until the
temperature exceeds the melting point of the sample and the
sample ruptures at the rupture temperature. Typically as the
temperature of a separator membrane sample 1s 1ncreased,
the sample nitially show some shrinkage and then starts to
clongate until the sample eventually breaks or ruptures. The
initial shrinkage exhibited by the separator membrane film 1s
defined as strain shrinkage.

Thermogravimetric Analysis (TGA) 1s a techmque in
which the mass of a substance 1s monitored as a function of
temperature or time as the sample specimen 1s subjected to
a controlled temperature program in a controlled atmo-
sphere. TA Instruments TGA Q30 model was used for the
analysis. TGA 1s a process that utilizes heat and stoichiom-
etry ratios to determine the percent by mass of a solute
contained in a sample. Analysis 1s carried out by raising the
temperature of the sample gradually and plotting weight
(percentage) against temperature. TGA can quantily loss of
water, loss of solvent, loss of plasticizer, decarboxylation,
pyrolysis, oxidation, decomposition, weight % filler, amount
of metallic catalytic residue remaining on carbon nanotubes,
and weight % ash.

In accordance with at least selected embodiments, it may
be preferred to use Thin or Ultra-Thin separators, Thin or
Ultra-Thin separators with shutdown, Thin or Ultra-Thin
tri-layer separators with shutdown behavior, or the like. In
one embodiment, the use of battery separators in the Thin
range of about 9 to 12 microns or 1n the Ultra-Thin range of
about 3 to 9 microns which retain the ability to shutdown 1s
preferred. Also, it may be preferred to use a PP/PE/PP
tri-layer configuration 1n which the PP layer thickness 1s less
than 20 microns, less than 10 microns, less than 5 microns,
less than 2.5 microns, or between about 0.5 micron and 1.5
microns. In accordance with at least selected particular
embodiments, 1t may be preferred to use a PP/PE/PP or
PP/PP/PP or PP/PE/PE or PP/PP/PE tri-layer battery sepa-
rator construction with product thicknesses ranging from
about 6 um to 80 um wherein the outermost PP layer
thicknesses 1s less than 20 um, less than 10 um, less than 3
wm, less than 2.5 um, or between about 0.25 um and 2 um.

EXAMPLES
Example 1

Celgard® EK 1240 Polyethylene (PE) 12 um microporous

separator membrane was coated with a mixture of an aque-
ous polymeric binder consisting of a copolymer of polyso-
dium acrylate, acrylamide and acrylonitrile combined with
Degussa Al,O, ceramic particles with average particle size
1s <2 um. The coating was double side coated with total
coating thickness of 4 um. The final coated membrane
thickness was 16 um as shown 1n Table 1.

TABLE 1
Base Coated
Exam- membrane Coated Membrane
ple Base thickness, Membrane thickness,
# membrane LM Manufacturer LT
Ex 1 Celgard ® 12 Celgard 16
EK 1240
Ex 2 Celgard ® 12 Celgard 18
EK 1240
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TABLE 1-continued
Base Coated
Exam- membrane Coated Membrane
ple Base thickness, Membrane thickness,
# membrane LT Manufacturer [Thaa!
Ex 3 Celgard ® 13 Celgard 20
EK1311
Ex 4 Celgard ® C-210 16 Celgard 22
Ex 5 Celgard ® A273 18 Celgard 22
CEl Celgard ® 12 uncoated na
EK1240
CE 2 Celgard ® C210 16 uncoated na
CE 3 Celgard ® 2320 16 Company A 28
CE 4 Monolayer PE 26 Company B 33
Example 2

Celgard® EK1240 Polyethylene (PE) 12 um microporous
separator membrane was coated with a mixture of an aque-
ous polymeric binder consisting of a copolymer of polyso-
dium acrylate, acrylamide and acrylonitrile combined with
Degussa Al,O, ceramic particles with average particle size
1s <2 um. The coating was double side coated with total
coating thickness of 6 um. Final coated membrane thickness
was 18 um.

Example 3

Celgard® EK1311 Polyethylene (PE) 13 um microporous
separator membrane was coated with a mixture of an aque-
ous polymeric binder consisting of a copolymer of polyso-
dium acrylate, acrylamide and acrylonitrile combined with
Degussa Al,O; ceramic particles with average particle size
1s <2 um. The coating was double side coated with total
coating thickness of 7 um. Final coated membrane thickness
was 20 um.

Example 4

Celgard® C210 Polypropylene/Polyethylene/Polypropyl-
ene (PP/PE/PP) 16 um trilayer microporous separator mem-
brane was coated with a mixture of an aqueous polymeric
binder consisting of a copolymer of polysodium acrylate,
acrylamide and acrylomitrile combined with Degussa Al,O,
ceramic particles with average particle size 1s <2 um. The
coating was double side coated with total coating thickness
of 6 um. Final coated membrane thickness was 22 um.

Example 5

Celgard® A273 Polypropylene (PP) 16 um microporous
separator membrane was coated with a mixture of an aque-
ous polymeric binder consisting of a copolymer of polyso-
dium acrylate, acrylamide and acrylonitrile combined with
Degussa Al,O, ceramic particles with average particle size
1s <2 um. The coating was double side coated with total
coating thickness of 6 um. Final coated membrane thickness
was 22 um.

Comparative Example 1

Celgard® EK 1240, manufactured by Celgard Korea Inc,
1s a 12 um thick uncoated monolayer Polyethylene (PE)
microporous separator membrane.
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Comparative Example 2

Celgard® C-210 1s a 16 um thick uncoated trilayer
Polypropylene/Polyethylene/Polypropylene (PP/PE/PP)
microporous separator membrane.

Comparative Example 3

Comparative Example 3 1s a coated product manufactured
by Company A using Celgard® 2320 as the microporous
base substrate membrane. The coating consists of a mixture
of ceramic particles and a polymeric binder which i1s double
side coated with a coating thickness of 33.5 um.

Comparative Example 4

Comparative Example 4 1s a PE microporous separator
membrane manufactured by Company B which 1s single side
coated with a mixture of a ceramic particles and a polymeric
binder and has a coating thickness of 33 um.

At least one embodiment, object or aspect of the present
invention 1s directed to an improved, new or modified
microporous membrane separator for a secondary lithium
ion battery which includes a microporous membrane coated
with a porous layer of ceramic particles and a polymeric
binder. This inventive ceramic coated microporous separator
membrane has improved safety and high temperature per-
formance 1n a secondary lithtum 10n battery mainly due to
the ceramic coating layer undergoing an oxidation or reduc-
tion reaction at the interface of the coated separator and
battery electrodes. The formation of an oxidized or reduced
interfacial layer between a separator and battery electrodes
prevents or stops lfurther oxidation or reduction reactions
from occurring and improves the safety and the high tem-
perature performance of a lithium ion battery. In addition,
the safety and high temperature performance of the ceramic
coated microporous separator membrane 1s improved due to
its high dimensional stability at elevated temperatures. Fur-
thermore, this unique ceramic coated microporous separator
membrane evolves >2% volatile components at >2350 deg C.

At least one embodiment, object or aspect of the present
invention 1s directed to a ceramic coated separator for a
secondary lithium 1on battery, comprising;:

a. a microporous membrane having a first surface and a
second surface, wherein said microporous membrane 1s
at least one of a single layer, multiple layer, single ply,
and/or multiple ply structure; and,

b. a porous ceramic coating on at least one surface of said
microporous membrane, said porous ceramic coating
comprising a porous layer of ceramic particles in an
aqueous polymeric binder, and wherein said porous
ceramic coating provides an oxidation scavenging layer
which prevents or stops further oxidation or reduction
reactions from occurring during use.

In accordance with at least selected embodiments, objects
or aspects ol the present invention, there 1s provided
improved, new or modified membranes, separators, and/or
related methods. In accordance with at least certain embodi-
ments, the present invention 1s directed to improved, new or
modified nonporous, porous, or microporous battery sepa-
rator membranes or separators and/or related methods of
manufacture and/or use of such membranes or separators. In
accordance with at least selected embodiments, the present
invention 1s directed to improved, new or modified nonpo-
rous, porous, or microporous battery separator membranes
or separators for lithtum 10n batteries and/or related methods
of manufacture and/or use of such membranes or separators.
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In accordance with at least selected particular embodiments,
the present invention 1s directed to improved, new or modi-
fied nonporous, porous, or microporous battery separator
membranes or separators for secondary or rechargeable
lithium 10n batteries and/or related methods of manufacture
and/or use of such membranes or separators. In accordance
with at least certain selected particular embodiments, the
present invention 1s directed to nonporous, porous, or
microporous coated porous or microporous battery separator
membranes or separators for secondary lithium 1on batteries
and/or related methods of manufacture and/or use of such
membranes or separators. In accordance with at least one
embodiment, an improved, new or modified nonporous,
porous, or microporous membrane, separator membrane or
separator for a lithum 1on battery includes a porous or
microporous membrane coated with a ceramic coating or
layer such as a layer of one or more particles and/or binders.
In accordance with at least one particular embodiment, an
improved, new or modified nonporous, porous, or miCropo-
rous membrane, separator membrane or separator for a
secondary lithium 10n battery includes a microporous mem-
brane coated with at least one porous ceramic coating or
layer such as a layer of one or more ceramic particles and
polymeric binders. In accordance with at least selected
embodiments, the inventive ceramic coated separator mem-
brane or separator preferably provides improved safety,
cycle life and/or high temperature performance 1n a second-
ary lithium 10n battery.

In accordance with selected objects, improved, new or
modified membranes, separators, and/or related methods are
provided. In accordance with at least certain objects,
improved, new or modified battery separator membranes or
separators and/or related methods of manufacture and/or use
of such membranes or separators are provided. In accor-
dance with at least certain selected particular objects, coated
battery separator membranes or separators for secondary
lithium 10n batteries and/or related methods of manufacture
and/or use of such membranes or separators are provided.

In a further aspect, methods of making improved, new or
modified membranes, separators, and/or related products are
described herein. One method of making a coated membrane
or separator, in some embodiments, comprises dispersing
inorganic particles in a polymeric matrix or binder material
to provide a composite coating or layer material and forming
the coating or layer on a preformed base membrane or
separator from the composite coating material.

The membrane or separator can be formed 1n any manner
not mnconsistent with the objectives of the present invention,
including 1 a manner described above. In some embodi-
ments, for instance, a composite membrane or separator may
be formed by lamination, extrusion, co-extrusion, spray
coating, roller coating, dry extrusion, wet extrusion, and/or
the like. Any extrusion equipment not inconsistent with the
objectives of the present mnvention may be used to carry out
such a method described herein. In some cases, for example,
a single or twin-screw extruder 1s used. In addition, 1f
desired, the base membrane described herein can be formed
using a die process, including a slot or annular die process,
cast or blown, or the like.

In addition, any amount of particles, morganic particles,
organic particles, or a blend or mixture thereof not incon-
sistent with the objectives of the present mnvention may be
used to provide the desired coating material or layer. In some
cases, up to about 98 weight percent inorganic and/or
organic particles, up to about 80 weight percent mnorganic
and/or organic particles, up to about 60 weight percent
inorganic and/or organic particles, up to about 350 weight
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percent mnorganic and/or organic particles, or up to about 40
welght percent 1norganic and/or organic particles 1s used to
provide the particle component for the coating material,
wherein the weight percent 1s based on the total weight of
the composite coating material.

A composite membrane produced in accordance with
methods described herein can have any construction and/or
properties detailed above. For example, in some embodi-
ments, a composite membrane produced 1n accordance with
methods described herein comprises a plurality of polymeric
layers, wherein at least one layer comprises a microporous
polymeric matrix comprising 1morganic and/or organic par-
ticles dispersed in the polymeric matrix or binder as
described herein. In some embodiments, more than one
individual layer of the composite membrane comprises

inorganic and/or organic particles. Alternatively, in other
embodiments, only one individual layer of the composite
membrane comprises morganic and/or organic particles.

In accordance with at least selected possibly preferred
embodiments of the mvention, there 1s provided a ceramic
coated separator for an energy storage device, such as a
secondary lithium 10n battery, comprising:

a. a microporous membrane having a {first surface and a
second surface, wherein said microporous membrane 1s
at least one of a single layer, multiple layer, single ply,
and/or multiple ply structure; and,

b. a ceramic coating on at least one surface of said
microporous membrane, said ceramic coating compris-
ing a porous layer of ceramic particles 1n an aqueous
polymeric binder,

wherein said ceramic coated separator provides at least
one ol improved safety, high temperature performance, an
oxidation or reduction reaction interface, surface or bound-
ary, an oxidized or reduced interfacial layer between the
separator and battery electrodes during use, prevents or stops
turther oxidation or reduction reactions from occurring
during use, improved safety and high temperature perfor-
mance of a lithium 1on battery, high dimensional stability at
clevated temperatures, and/or the like.

The above ceramic coated separator, wherein said aque-
ous polymeric binder comprises at least one of polytetratluo-
roethylene (PTFE), polyvinyl acetate (PVAc), polyacrylic
acid salt, polyacrylonitrile, polyacrylamide or poly (sodium
acrylate-acrylamide-acrylonitrile) copolymer, and/or copo-
lymers, mixtures, blends, and/or combinations thereof.

The above ceramic coated separator, wherein said aque-
ous polymeric binder comprises at least two of polyvinyl
alcohol (PVOH), polyvinyl acetate (PVAc), polyacrylic acid
salt, polyacrylonitrile, polyacrylamide or poly (sodium acry-
late-acrylamide-acrylonitrile) copolymer or copolymers
thereof.

The above ceramic coated separator, wherein said ceramic
particles comprise at least one of 1norganic particles, 1oni-
cally conductive materials (beta-Alumina, Nasicon which 1s
a sodium super 1onic conductive material, phosphates of
Silica and Al), oxides of silicon (S10,), alumina (Al,O,),
Zirconium, titanium (110, ), mixtures thereof, or nitrides of
silicon, alumina, zirconium, calcium, or mixtures thereof,
and/or mixtures, blends and/or combinations thereof.

The above ceramic coated separator, wherein said ceramic
particles comprise particles having an average particle size
ranging from 0.01 um to 5 um 1n diameter, more preferably
0.05 ym to 4 um 1n diameter, and most preferably 0.01 um
to 2 um 1n diameter.

The above ceramic coated separator, wherein said ceramic
particles comprise Al,O; having an average particle size
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ranging from 0.01 um to 5 um 1n diameter, more preferably
0.05 um to 4 um 1n diameter, and most preferably 0.05 um
to 2 um 1n diameter.

The above ceramic coated separator, wherein said porous
ceramic coating on at least one surface of said microporous
membrane has a thickness of about 1.5 um to 5.5 um.

The above ceramic coated separator, wherein said porous
ceramic coating on at least one surface of said microporous
membrane has a thickness of about 1.5 um to 3.5 um, and
wherein said ceramic coated separator has a TMA MD
dimensional change of -2% or more at =110 deg C.,
preferably at =130 deg C., more preferably at =140 deg C.,
even more preferably at =160 deg C., and most preferably at
<175 deg C.

The above ceramic coated separator, wherein said ceramic
coated separator has a TMA TD shrinkage of about 0.5% or
less =130 deg C., preferably at =140 deg C., more preferably
at =150 deg C., and most preferably at =160 deg C.

The above ceramic coated separator, wherein said porous
ceramic coating on at least one surface of said microporous
membrane has a thickness of about 3.0 um to 3.5 um, and
wherein said ceramic coated separator has an MD shrinkage
of 15% or less at 135 deg C. for one hour, and preferably an
MD shrinkage of 28% or less at 150 deg C. for one hour.

The above ceramic coated separator, wherein said
microporous membrane 1s a wet process polyethylene
microporous membrane, wherein said porous ceramic coat-
ing on at least one surface of said microporous membrane
has a thickness of about 3.0 um to 5.5 um, and wherein said
ceramic coated separator has an MD shrinkage of 2% or less
at 135 deg C. for one hour, and preferably an MD shrinkage
of 3% or less at 150 deg C. for one hour.

The above ceramic coated separator, wherein said porous
ceramic coating on at least one surface of said microporous
membrane has a thickness of about 3.0 um to 3.5 um, and
wherein said ceramic coated separator has a reduction in
MD shrinkage at 135 deg C. for one hour of at least 40%
over the uncoated membrane, preferably a reduction in MD
shrinkage at 150 deg C. for one hour of at least 30% over the
uncoated membrane.

The above ceramic coated separator, wherein said
microporous membrane 1s a wet process polyethylene
microporous membrane, wherein said porous ceramic coat-
ing on at least one surface of said microporous membrane
has a thickness of about 3.0 um to 5.5 um, and wherein said
ceramic coated separator has a reduction 1n MD shrinkage at
135 deg C. for one hour of at least 10% over the uncoated
membrane, preferably a reduction in MD shrinkage at 150
deg C. for one hour of at least 5% over the uncoated
membrane.

The above ceramic coated separator, wherein said porous
ceramic coating on at least one surface of said microporous
membrane has a thickness of about 3.5 um to 9.0 um, and
wherein said ceramic coated separator has an MD shrinkage
of 4% or less at 135 deg C. for one hour, and preferably an
MD shrinkage of 5% or less at 150 deg C. for one hour.

The above ceramic coated separator, wherein said
microporous membrane 1s a wet process polyethylene
microporous membrane, wherein said porous ceramic coat-
ing on at least one surface of said microporous membrane
has a thickness of about 5.5 um to 9.0 um, and wherein said
ceramic coated separator has an MD shrinkage of 2% or less
at 135 deg C. for one hour, and preferably an MD shrinkage
of 2% or less at 150 deg C. for one hour.

The above ceramic coated separator, wherein said porous
ceramic coating on at least one surface of said microporous
membrane has a thickness of about 3.5 um to 9.0 um, and
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wherein said ceramic coated separator has a reduction in
MD shrinkage at 135 deg C. for one hour of at least 80%
over the uncoated membrane, preferably a reduction in MD
shrinkage at 150 deg C. for one hour of at least 60% over the
uncoated membrane.

The above ceramic coated separator, wherein said
microporous membrane 1s a wet process polyethylene
microporous membrane, wherein said porous ceramic coat-
ing on at least one surface of said microporous membrane
has a thickness of about 5.5 um to 9.0 um, and wherein said
ceramic coated separator has a reduction 1n MD shrinkage at
135 deg C. for one hour of at least 90% over the uncoated
membrane, preferably a reduction in MD shrinkage at 150
deg C. for one hour of at least 70% over the uncoated
membrane.

The above ceramic coated separator, wherein said ceramic
coated separator having aqueous binder and a scavenging
filler such as Al1203 evolves =0.5% volatile components at
>250 deg C., preferably >1.0% volatile components at =250
deg C., more preferably >1.5% volatile components at >250
deg C., and most preferably =2.0% volatile components at
>250 deg C.

The above ceramic coated separator, wherein said ceramic
coated separator has a strain shrinkage of 0% at >120 deg C.,
preferably at >130 deg C., more preferably at >140 deg C.,
still more preterably at >150 deg C., and most preferably at
=160 deg C.

The above ceramic coated separator, wherein said
microporous membrane 1s a polyolefinic microporous mem-
brane and has an MD stretch of less than 20% at >120 deg
C., preferably less than 15% at >120 deg C., more preferably
less than 10% at >120 deg C., still more preferably less than
3% at >120 deg C., and most preferably less than 2% at >120
deg C.

In accordance with at least certain possibly preferred
embodiments of the mvention, there 1s provided 1n a sec-
ondary lithium 10on battery, the improvement comprising the
ceramic coated separators described above.

In accordance with at least certain possibly preferred
embodiments of the mvention, there 1s provided in an
clectric vehicle drive system, the improvement comprising
the above secondary lithium 10n battery.

In accordance with at least certain possibly preferred
embodiments of the invention, there 1s provided 1n an energy
storage device, the improvement comprising the above
secondary lithium 10n battery.

In accordance with at least certain selected possibly
preferred embodiments of the invention, there 1s provided a
ceramic coated separator for a secondary lithium 10n battery,
comprising;

C. a microporous membrane having a first surface and a
second surface, wherein said microporous membrane 1s
at least one of a single layer, multiple layer, single ply,
and/or multiple ply structure; and,

d. a porous ceramic coating on at least one surface of said
microporous membrane, said porous ceramic coating
comprising a porous layer of ceramic particles 1n an
aqueous polymeric binder, and wherein said porous
ceramic coating provides an oxidation scavenging layer
which prevents or stops further oxidation or reduction
reactions from occurring during use.

The above ceramic coated separator, wherein said ceramic
coated separator evolves >0.5% volatile components at 2250
deg C., preferably >1.0% volatile components at =250 deg
C., more preferably >1.5% volatile components at =250 deg
C., and most preferably >2.0% or more volatile components

at 2250 deg C.
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The above ceramic coated separator, wherein said
microporous membrane 1s an Ultra-Thin tri-layer separator
with shutdown behavior and 1s 1n the Ultra-Thin range of
about 3 to 9 microns with the ability to shut down.

In accordance with at least selected embodiments of the
invention, there 1s provided a coated, particle coated or
ceramic coated separator for a secondary lithium 10n battery,
comprising;

a. a microporous membrane having a first surface and a
second surface, wherein said microporous membrane 1s
at least one of a single layer, multiple layer, single ply,
and/or multiple ply structure; and,

b. a non-porous or porous coating, particle coating or
ceramic coating on at least one surface of said micropo-
rous membrane, said coating, particle coating or
ceramic coating comprising a non-porous Or porous
layer of polymeric binder, of particles 1n a polymeric
binder, or of ceramic particles 1 a solvent based or
aqueous based polymeric binder. Such a non-porous
coating can still be 1onically conductive 1if, for example,
the binder swells and gels 1n electrolyte and 1s eflec-
tively 1onically conductive due to the electrolyte, the
particles are 1onically conductive at least on their
exterior surface, or both.

Various embodiments of the invention have been
described in fulfillment of the various objects of the inven-
tion. It should be recognized that these embodiments are
merely 1llustrative of the principles of the present invention.
Numerous modifications and adaptations thereof will be
readily apparent to those skilled 1n the art without departing
from the spirit and scope of the mvention.

The mvention claimed 1s:

1. A ceramic-coated battery separator, comprising:

a microporous polyolefin membrane having a first surface

and a second surface,

saird microporous membrane has a single layer or a
multiple layer structure; and

a ceramic coating on at least one surface of said micropo-
rous polyolefin membrane,

said ceramic coating comprising a layer ol ceramic par-
ticles 1n a polymeric binder,

said polymeric binder comprises polyacrylamide, poly
(sodium acrylate-acrylamide-acrylonitrile) copolymer,
or a combination thereof;

wherein said ceramic coated separator contains a scav-
enging filler; and

wherein said ceramic coated separator having each of the

following physical characteristics:
a TMA MD dimensional change of —2% or more at <110°

C.;

a TMA TD shrinkage of about 0.5% or less at <130° C.;

a MD shrinkage of 15% or less at 135° C. for one hour;

an evolution of >2% volatile components at 250° C. when

tested using Thermogravimetric Analysis (TGA); and

a strain shrinkage of 0% at =120° C.

2. The ceramic-coated separator of claim 1, wherein the
ceramic-coated separator exhibits the Machine Direction
(MD) shrinkage of <2% at a temperature greater than or
equal to 120° C. for one hour when tested 1n free state and
the MD shrinkage of <3% at a temperature greater than or
equal to 130° C. for one hour when tested 1n free state.

3. The ceramic-coated separator of claim 1, wherein the
ceramic-coated separator exhibits the MD shrinkage of <1%
at a temperature greater than or equal to 150° C. when tested
using Thermomechanical Analysis (TMA).

4. The ceramic-coated separator of claim 1, wherein the
ceramic-coated separator exhibits the transverse direction
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(TD) shrinkage of <1% at a temperature greater than or
equal to 150° C. when tested using e-TMA.

5. The ceramic-coated separator of claim 1, wherein the
microporous membrane 1s a membrane formed by a dry
process or a wet process.

6. The ceramic-coated separator of claim 1, wherein the
ceramic coating comprises Al,O,.

7. The ceramic-coated separator of claim 1, wherein the
ceramic coating has a thickness of 2 to 12 microns, 3 to 10
microns, or 3 to 7 microns.

8. The ceramic-coated separator of claim 1, wherein the
polymeric binder comprises polyacrylamide.

9. The ceramic-coated separator of claim 1, wherein the
polymeric binder comprises poly (sodium acrylate-acrylam-
ide-acrylonitrile) copolymer.

10. The ceramic-coated separator of claim 1, wherein the
ceramic particles have an average particle size ranging from
0.01 microns to 5 microns.

11. The ceramic-coated separator of claim 10, wherein the
average particle size of the ceramic particles 1s from 0.05
microns to 2 microns.

12. The ceramic-coated separator of claim 1, further
comprising

a particle coating, which comprises polymer particles

selected from the group consisting of polymer fibers,
polymer beads, or polymer chips,

wherein the polymer fibers, polymer beads, and/or poly-

mer chips comprise PP, PE, PO, PP/PE, PET, PTFE,
PVDEF, copolymers, block copolymers, or blends or
mixtures thereof.
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